There is mounting evidence of oncogenic hepatocyte growth factor (HGF)/Met signaling in urothelial carcinoma (UC) of the bladder. The effects of three kinase inhibitors, cabozantinib, crizotinib and EMD1214063, on HGF-driven signaling and cell growth, invasion and tumorigenicity were analyzed in cultured UC cell lines. SW780 xenograft growth in SCID and human HGF knock-in SCID (hHGF/SCID) mice treated with cabozantinib or vehicle, as well as tumor levels of Met and pMet, were also determined. Met content was robust in most UC-derived cell lines. Basal pMet content and effector activation state in quiescent cells were low, but significantly enhanced by added HGF, as were cell invasion, proliferation and anchorage independent growth. These HGF-driven effects were reversed by Met inhibitor treatment. Tumor xenograft growth was significantly higher in hHGF/SCID mice vs. SCID mice and significantly inhibited by cabozantinib, as was tumor phospho-Met content. These studies indicate the prevalence and functionality of the HGF/Met signaling pathway in UC cells, suggest that paracrine HGF may contribute to UC tumor growth and progression, and that support further preclinical investigation of Met inhibitors for the treatment of UC is warranted.
Introduction
In 2013, 72,570 new cases of bladder cancer (BCa) and 15,210 bladder cancer-related deaths were estimated in the U.S. alone [1] . Although 70% of newly diagnosed disease is confined to the mucosa, recurrence and progression are frequent and long-term surveillance by cystoscopy is required. The remaining 30% of new cases are more advanced, with muscle-invasion, lymph node involvement or distant metastases. Half of those individuals with muscle-invasive bladder cancer fail definitive therapy (surgery or chemoradiation) within 5 years and succumb to the disease [1, 2] . The 5-and 10-year survival rates for patients with lymph node involvement are 31% and 23%, respectively [2] . Standard of care combination platinum-based chemotherapy for patients with metastatic disease provides a median survival of only 15 months and a 5-year survival rate of 15% [3] . BCa has the highest costs per patient in the U.S. compared to all other cancers, reflecting disease prevalence as well as costs of long term monitoring [4] . These circumstances underscore the urgent need to develop new diagnostic and prognostic methods and identify therapeutic targets for this disease.
The cell surface receptor tyrosine kinase (RTK) for hepatocyte growth factor (HGF), known as Met, is widely present in cells of epithelial origin. HGF/Met signaling is frequently implicated in cancer, driving tumor invasiveness and metastasis [5] . Evidence of HGF/Met pathway involvement in BCa has been found in model systems [6] [7] [8] and in vivo [9] [10] [11] . A recent analysis of 97 high-grade BCa tumors designed to identify actionable drug targets found RTK/RAS/RAF/MAPK pathway alterations in 35% of samples [12] . The RTK genes frequently altered in this cohort were FGFR3 (13%), ERBB2 (6%), FGFR1 (6%) and MET (2%) [12] . The RAS/RAF/MAPK cascade is a well-established mediator of HGF/Met driven proliferation and invasiveness [5] . A preliminary interrogation of the four BCa datasets in The Cancer Genome Atlas (TCGA) project using the cBioPortal [13, 14] further revealed HGF upregulation (>2-fold) in 7% of cases in the same dataset used by Iyer et al. [12] , as well as mutually exclusive oncogenic alterations (amplification, overexpression or mutation) in MET or HGF genes in 3% and 2%, respectively, of cases in the Nature Genetics 2013 dataset (n = 99) [15] , in 10% and 4%, respectively, of cases in the Nature 2014 dataset (n = 131) [16] , and in 8% and 3% of cases, respectively, in the TCGA Provisional dataset (n = 201). Together these studies identified genetic aberrations in HGF and MET at an average combined frequency of 10% in 528 BCa cases.
While several Met kinase inhibitors are in preclinical and clinical development, there use for the treatment of BCa has been limited. Here, we focused on three small molecule Met inhibitors, crizotinib, cabozantinib and EMD1214063. Crizotinib is an orally bioavailable small molecule inhibitor of Met and anaplastic lymphoma kinase (ALK), which has been US FDA approved for the treatment of ALK-positive non-small cell lung cancer [17] . Crizotinib also less potently inhibits Ron and Axl, and blocks cell proliferation, invasion and survival in numerous tumor cell types, including those derived from head and neck carcinoma, gastric cancer, glioblastoma, and breast cancer [18] [19] [20] . Cabozantinib is a potent inhibitor of several tyrosine kinase receptors including Met, VEGFR2, Axl, Flt3, Kit, Tie2 and Ret [21, 22] .
Preclinical studies show that cabozantinib can block tumor growth and invasion in breast, lung, prostate, and pancreatic cancer derived cells [21, 23, 24] ; cabozantinib has been US FDA approved for the treatment of advanced medullary thyroid carcinoma [17] . EDM1214063 is a Met selective inhibitor with no other known kinase targets which has induced regression of human gastric, lung, and pancreatic tumor xenografts in mice [25] .
Accurately selecting therapies that will be effective against a specific tumor is the ultimate goal of clinicians treating BCa. In a prior study we found that levels of soluble Met ectodomain (sMet), which are readily measured in the urine of bladder cancer patients and those with no evidence of cancer, could distinguish patients with BCa from those without, and patients with or without muscle-invasive BCa, suggesting the potential utility of urinary sMet as a BCa biomarker for surveillance following initial treatment [26] . In parallel with our continued analysis of HGF/Met signaling human BCa tissue samples, the present preclinical study was designed to interrogate potentially oncogenic HGF/Met signaling in a collection of UC derived cell lines to better define the nature and extent of HGF/Met pathway involvement in BCa. Our results indicate that paracrine HGF/Met signaling is capable of driving growth, invasion and tumorigenesis in UC derived cells; these findings lay the foundation for assessing pathway status in patient samples to identify those most likely to benefit from HGF/Met pathway targeted therapies.
Results
The absolute cellular Met protein content values (normalized to total extracted cell protein) for multiple human tumor derived cell lines (including colon, skin, breast, kidney, prostate, lung, and gastric cancer) and 12 UC derived cell lines as measured by electrochemiluminescent two-site immunoassay are listed in Table 1 . The highest Met protein level was found in the MET amplified gastric carcinoma derived cell line MKN45 (800 pg Met/µg total protein), and the lowest was found in the human breast adenocarcinoma derived cell line MCF7 (1 pg Met/µg total protein; Table 1 ). Met content among UC derived cell lines was comparable or greater than that found in many other HGF-responsive tumor-derived cell lines. RT4, derived from a Ta stage bladder tumor, had the lowest Met level among the UC cell lines studied here. All cell lines derived from higher stage tumors, TCC-SUP, T24, T24M2, T24M3, HT1197, SW780, J82, UMUC3, UMUC5, 5637, and HT1376 cells, exhibited higher Met content than RT4 ( Figure 1A ). In the interest of detecting differences in HGF-responsiveness, or sensitivity to Met inhibition, that might correlate with Met abundance without exhaustively testing all 12 cell lines in all cell-based assays used, we organized the cell lines into three groups of 4 with low (Met low ), intermediate Figure 1A ). This organization was used in the presentation of all cell-based assay results. None of the UC derived cell lines produced detectable levels of HGF, as determined by two-site electrochemiluminescent immunoassay (200 femtomole limit of detection), suggesting that autocrine HGF/Met signaling is rare in UC of the bladder. Treatment with exogenous HGF (1 nM) induced significant Met kinase activation (pMet/Met SI ratio) in all UC derived cell lines within 20 min, which was suppressed by the small molecule Met kinase inhibitors crizotinib at 5 and 10 nM, (corresponding to IC50 and IC90 values, respectively; Figure 1B ) and cabozantinib at 30 and 300 nM (corresponding to IC50 and IC90 values, respectively; Figure 1C ), for which Met is the only common high affinity target. Neither inhibitor affected Met abundance at any concentration tested for time periods up to 1 week. Inhibition of anchorage-independent growth by crizotinib or cabozantinib was likely to be solely due to HGF/Met pathway inhibition, since the Met-selective compound EMD1214063 also prevented activation of Met, Akt and Erk by HGF in the Met int line SW780 ( Figure 6A ) and suppressed HGF-driven anchorage-independent cell growth by the Met int lines UMUC5 and SW780, and the Met high lines UMUC3 and 5637 ( Figure 6B ). Cabozantinib suppressed HGF-dependent and HGF-independent UC cell xenograft growth in SCID mice ( Figure 7 ). Murine HGF binds to, but does not fully activate human Met [27] ; to circumvent this obstacle to mimicking paracrine HGF driven tumor growth in humans, we used SCID mice that are genetically engineered to express only human HGF (hHGF; hHGF ki/ki,SCID/SCID , also known as Hgftm1.1 (HGF)Aveo). Growth of SW780 cell xenografts in SCID mice was significantly slower than in hHGF/SCID mice ( Figure 7A ), indicating a profound impact of hHGF on tumor growth. Daily administration of cabozantinib by oral gavage (33 mg/kg) after tumors reached 150 mm 3 (~day 18), significantly blocked, and later reversed, SW780 tumor growth in both SCID ( Figure 7B ) and hHGF/SCID ( Figure 7C ) mouse models relative to vehicle treated mice, although the magnitude of this effect was substantially greater in the hHGF/SCID mice. SW780 xenograft tumors excised from the SCID and hHGF/SCID mice showed significant phospho-Met (pMet) elevation in vehicle-treated hHGF/SCID mice and complete suppression of this pMet increase in hHGF/SCID mice treated with cabozantinib ( Figure 7D , right). Total tumor Met content was significantly reduced in vehicle-treated hHGF/SCID mice but not vehicle-treated SCID mice, also suggestive of a paracrine hHGF effect ( Figure 7D, left) . 
Discussion
The HGF/Met pathway was characterized in several UC-derived cell lines to better define its prevalence and functionality in bladder cancer. Our findings that UC cell lines derived from high grade tumors displayed abundant Met protein but no detectable HGF are consistent with the four TCGA bladder cancer datasets which show frequent but mutually exclusive (odds ratio: <0.000001, strong tendency toward mutual exclusivity) overexpression of HGF or MET genes [13, 14] , and suggest that this pathway may be activated in a predominantly paracrine mode in bladder cancer. Stromal cells in the bladder wall, vascular endothelial and mural cells, and immune cells are all potential local sources of HGF in the bladder. Plasma HGF is another source, which can fluctuate considerably in cancer. Of these sources, a report on immunohistochemical HGF staining found it undetectable in normal bladder urothelium, but readily observed in a majority of specimens obtained from BCa patients with a range of disease severity [28] . Epithelial localization of HGF was observed in papillary tumors suggestive of autocrine signaling, whereas immunoreactivity in nodular urothelial carcinoma was observed primarily in mesenchymal cells, including fibroblast-like cells and bladder wall smooth muscle cells, consistent with paracrine HGF delivery [28] . Reinforcing the latter, HGF production by a lung-derived fibroblast cell line was significantly enhanced by co-culture with five bladder cancer-derived cell lines, four of which (J82, T24, 5637 and HT1376) were also analyzed in the present report [29] . HGF protein content in bladder tissue extracts and urine were found to correlate significantly with tumor stage and grade [30] . A prior study of 5 rat urothelial carcinoma-derived cell lines also found that all expressed Met, whereas only one appeared to express HGF; oddly, the latter cell line was refractory to endogenously added HGF in cell growth and invasion assays [7] . Finally, short variants of the deoxyadenosine tract element located in the HGF promoter associated with enhanced HGF expression were found in 37 of 70 bladder tumor specimens and correlated significantly with higher tumor grade, although the cell of origin was not identified [31] . These studies strongly support paracrine HGF signaling in BCa generally but also suggest that autocrine signaling could occur in specific tumor histologies.
Mutations in MET can confer resistance to crizotinib and other Met kinase inhibitors [5] . Consistent with the relatively low frequency of MET gene mutation in the four TCGA bladder cancer datasets (11/569 cases or 1.9% combined), the small molecule Met inhibitors crizotininb, cabozantinib and EMD1214063 uniformly and potently suppressed Met and Met-effector activation, and HGF-driven invasion, growth and soft agar colony formation in all UC cell lines tested. Our cell-based assay results do not reveal a relationship between Met abundance and biological response to HGF, or between Met abundance and drug suppression of HGF-induced responses, in the 12 UC-derived cell lines studied. In this regard BCa is not similar to certain other cancers, such as gastric and lung adenocarcinomas, where frequent MET gene amplification leads to ligand-independent activation and enhanced sensitivity to Met inhibition [5] . Expression of the primary targets for EMD1214063 (Met) and crizotinib (Met and Alk) in cell lines derived from urothelial carcinoma of the bladder predicts that the predominant therapeutic effects of these agents is likely to be tumor cell stasis and/or death. In contrast, the multiplicity of cabozantinib targets, which are distributed in both tumor and host cells (vascular endothelial cells, immune cells and other cells in the tumor microenvironment), suggests that predicting a cellular basis for potential therapeutic effects will be difficult. Differential therapeutic effects of cabozantinib observed in an NCI clinical trial for advanced BCa [32] are suggestive of effects on both tumor and host cells and warrant further investigation as to their cellular and molecular basis.
Subcutaneously implanted SW780 cells grew significantly faster in hHGF/SCID mice relative to SCID mice, revealing the ability of paracrine delivered HGF to drive UC tumor growth. Cabozantinib fully suppressed SW780 xenograft growth in mice, and prevented the elevated tumor pMet observed in vehicle-treated hHGF knock-in mice. Additional studies will be needed to discern meaningful differences in efficacy among these agents against UC tumor growth, particularly whether the broader target spectrum of cabozantinib and, to a lesser degree, crizotinib, is potentially advantageous, and whether drug effects on the host, such as on tumor-stroma interactions and the tumor vasculature, also contribute to anti-tumor efficacy.
Experimental

Reagents
Tissue culture media and supplements were obtained from Invitrogen (Carlsbad, CA, USA). Antibodies against pMet (1234/1235), pErk, tErk, pAkt, and tAkt were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-Met (C-28) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Purified recombinant human HGF was obtained from ProSpec (Rehovot, Israel). Crizotinib, cabozantinib and EMD1214063 were obtained from the Open Chemical Repository Collection, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA.
Cell Culture
SW480, SW620, CRL 7636, CRL 7637, HTB 125, MCF7, 786-0, ACHN, PC3, UMUC3, UMUC5, H596, A549, MKN45, RT-4, TCC-SUP, T24, HT1197, SW780, J82, 5637 and HT1376 cells were obtained from ATCC (Manassas, VA, USA). PC3M was obtained from MD Anderson Cancer Center, University of Texas (Houston, TX, USA). T24M2 and T24M3 cell lines were derived from metastases of T24 xenografts in mice. Cells were cultured in DMEM medium containing 10% FBS and antibiotic-antimycotic. Cells were grown in 5% CO2 at 37 °C.
SDS-PAGE, Immunoblot Analysis and Two-Site Immunoassays
Cells were washed with cold PBS, extracted in Laemmli buffer, sonicated, heated for 5 min at 95 °C prior to SDS-PAGE and electrophoretic transfer to nitrocellulose. Membranes were blocked with 5% milk in TBST (Tris Buffered Saline, 0.1% Tween 20) for 1 h at 25 °C then incubated 16 h at 4 °C with primary antibody in TBST/0.5% milk. Membranes were washed three times with TBST, incubated with horseradish peroxidase-labeled secondary antibody for 1 h at 25 °C, washed for 3 h with TBS prior to ECL detection (Pierce Biotechnology, Rockford, lL, USA). Phospho-and total Met content in Triton X-100 cell extracts were analyzed by electrochemiluminescent two site immunoassay using a SectorImager 2400 plate reader (Meso Scale Discovery, Gaithersburg, MD, USA) as described [33] . The assay has attomole sensitivity for total Met; pMet was expressed as signal intensity (SI) normalized to Met/total protein.
Cell Invasion and Proliferation Assays
Invasion assays were performed using 8 um pore size BD Bioscience BioCoat Matrigel Invasion chambers (San Jose, CA, USA) according to the manufacturer's instruction. Images were captured by light photomicrography and quantitation was performed using Image J software V1.47 (Rasband, W.S., ImageJ, U. S. National Institutes of Health (Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2012). For proliferation assays, cells were plated in triplicate at a density of 5 × 10 4 cells/35-mm dish in defined medium. HGF ± crizotinib or cabozantinib were added on days 1, 2, and 4. Cells were trypsinized and counted using a hemocytometer on days 3 or 6.
Anchorage-Independent Colony Formation Assay
A base layer of 0.5% Noble agarose (Difco, Franklin Lakes, NJ, USA) in phenol-red free DMEM was added to 96 well plates. Cells in 0.3% agarose in phenol-red free DMEM were added on top of the base layer. Cells were fed with DMEM with or without HGF and crizotinib or cabozantinib every other day. After one week, MTT was added to quantify the viable colonies by absorbance using a Victor plate reader (PerkinElmer, Hopkinton, MA, USA).
Tumor Xenograft Models
Experiments with SCID and hHGF/SCID mice were performed in accordance with National Institutes of Health Guidelines for Care and Use of Laboratory were treated with either vehicle or cabozantinib once daily by oral gavage. Tumors excised from mice were disrupted in non-ionic detergent containing buffer, lysates were cleared by centrifugation, and analyzed using two-site immunoassays for Met and pMet [33] .
Statistical Analysis
Significant differences between two groups were determined by One Way ANOVA with post hoc comparison of all groups using GraphPad Prism 5 software, where p = 0.05 was the threshold for statistical significance.
Conclusions
Met protein content in 12 UC-derived cell lines ranged from 12 ng/mg to 133 ng/mg total protein, comparable to that of several other well-studied tumor-derived cell lines from other prevalent cancers. HGF production was conspicuously absent, but exogenous HGF stimulated the activation of Met and known downstream effectors, and significantly enhanced UC cell invasion, proliferation and anchorage-independent growth. Concomitant treatment with cabozantinib, crizotinib or EMD1214063 effectively suppressed these HGF-driven effects. Cabozantinib also significantly inhibited HGF-driven tumor xenograft growth and Met activation in SCID and, more dramatically, in hHGF/SCID mice. Our results suggest that further studies are warranted to fully define the prevalence and oncogenic impact of HGF/Met signaling in bladder cancer, and to identify reliable and practical biomarkers of pathway activation for patient selection and predicting response to treatment with HGF/Met targeted therapeutics.
